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Abstract: On 21 September 2012 the entire sky was covered by contrails over the Gulf of Lyon (NW
of the Mediterranean basin). These clouds were well recorded by ground observers as well as by
Meteosat imagery. The atmospheric characteristics at the levels where these anthropic clouds formed
are analyzed by performing a WRF simulation in the area where Meteosat recorded contrail clouds.
According to the vertical profiles of temperature and the relative humidity respect to the ice (RHI),
the environmental condition favors that the water vapor exhaust emitted by the aircraft engines
reaches the deposition point and form crystal clouds, which spread out because the temperature
remained below 230 K and the RHI was higher than 70% during the whole episode.
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1. Introduction
In a pioneer study about the condensation trails of aircraft, [1] defined the term contrail as clouds
that form when a mixture of warm, unsaturated, engine exhaust gases and cold ambient air reaches
saturation with respect to water, forming liquid drops, which quickly freeze. The ambient air mixes
with the exhaust gas, the absolute humidity of which decreases directly proportional to the decreases
in its temperature [2]. If the environment is saturated with respect to the ice, the ice particles forming
the contrail can grow and the contrail spreads out, covering a large area in the sky. Temperature and
humidity play a key role in spreading out contrails [3]. This author, by using numerical simulations,
found that, in order to guarantee persistency of contrails, the air needs to have a relative humidity of
70% with respect to the ice (here after, RHI). Additionally, at a given relative humidity, the ice crystal’s
growth rate increases with increasing temperature. The authors of [4] found an exponential increase
of the lifetime of contrails with the increase of humidity. A dry environment prevents the contrails
from spreading out. In [5], the authors argued that contrails require a special thermodynamic state of
the atmosphere: low temperatures (lower that 230 K) at around 250 hPa (around 9.500 m). According
to [6], in the initial growth stage of an ice particle, a contrail rapidly evaporate (around tens of second)
if the air is dry. However, contrail growths will continue and spread out in an environment saturated
respect to the ice, and eventually it may transform into cirrus clouds [7–9].
Ice clouds in the upper troposphere cover around 20%–30% of global surface [10], playing
an important role in the earth’s radiation budget. Contrails are contributing to increase the coverage of
ice crystal around the Earth. Due to the large increase of the number of aircraft flights since the last
decades, and consequently the increase of formation of contrails in the upper-troposphere covering
the Earth, it is interesting to analyze the contribution of aviation emissions in the earths radiation
budget. The evaluation of the effects of contrails over the climate on Earth is complex [11]. These
authors found that cirrus resulting from contrails contribute to a tropospheric warming of 0.2–0.3 ◦C
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per decade. During the period 1975–1994, the observed trend is 0.27 ◦C per decade. Over the United
States and Europe a positive forcing of 0.1–0.2 W·m−2 is estimated, with a 0.5%–2% of the average
cover. These authors projected an aircraft scenario for 2050 over Europe of a forcing of 1.5 W·m−2,
and globally coverage of 0.5% and radiative forcing of 0.05 W·m−2. The authors of [12] analysed the
global radiative forcing from contrails, finding that radiative forcing of contrails cirrus is about nine
times larger than contrails forming a line–shape alone. For these reason it is interesting to study if a
state of the art mesoscale model is able to reproduce the weather conditions that induce the formation
of contrails.
The aim of this paper is to analyse the temperature and humidity conditions involved in the
episode of 21 September 2011, when the whole sky was covered exclusively by contrails during several
hours over the gulf of Lyon. Version 3.3 of the Weather Research and Forecast-Advanced Research
WRF (WRF-ARW) model is used for analysing the environmental temperature and humidity over
the region of contrails recorded by Meteosat. Previous works [13] used MM5 mesoscale model to
study aircraft contrails formation over Alaska. They used the model for obtaining air temperature and
humidity at several layers, and apply algorithms to describe the adiabatic mixing of aircraft exhaust
with the environment. Some bias was observed in humidity at low layers in comparing with data
provided by radiosondes. In [14], the authors investigated the impact of contrails and contrails induced
cirrus clouds on regional energy and water cycles over the western United States. They used WRF
model with 18 km of horizontal resolution introducing an improved formulation to parameterize
optical properties of ice clouds and contrails.
The structure of this paper is as follows. Section 2 shows the observations, the synoptic features
related to the episode and the the methodology used; Section 3 describes the results obtained and
finally conclusions are summarised in Section 4.
2. Methodology
2.1. Observations
An episode of contrails spreading and covering the entire sky for several hours (approximately
from 09:00 to 17:00 UTC) was observed over the Northeast of the Iberian Peninsula and the Gulf of
Lyon on 21 September 2011. Figure 1 shows the image recorded by the IR channel of the Meteosat
at 11:00 and 14:00 UTC. The black dashed square indicates the area in which these contrails can be observed.
Figure 1. Cont.
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Figure 1. Meteosat images recorded in the IR channel at 11:00 (upper panel) and 14:00 UTC (lower panel)
on 21 September 2011. The red square indicates the area where contrails are observed.
These contrails were also observed from the ground at different places. Figure 2 shows the sky
over Barcelona on 21 September 2011 at 11:00 UTC, where contrails can be clearly observed.
Figure 2. Contrails covering the sky photographed over Barcelona on 21 September 2011 around
11 UTC.
2.2. Synoptic Conditions
The synoptic situation at 500 hPa and 850 hPa at 00:00 UTC on 21 September 2011 is shown in
Figure 3. At 500 hPa (Figure 3, upper panel), a weak warm ridge from North Africa affected the whole
western Mediterranean basin, including the Gulf of Lyon, where contrails cirrus formed. This warm
ridge is observed also at 850 hPa (Figure 3, lower panel), having temperature between 10 and 15 ◦C
over the Gulf of Lyon. At sea level, a low pressure was located over the Ionian Sea, in the Southeast
of Italy, with 1010 hPa, and a high pressure over Germany, with 1020 hPa (Figure 3, upper panel).
Between them, a northeast flow occurred over the area of the Gulf of Lyon.
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Figure 3. ERA Interim reanalysis of geopotential height at 500 hPa (upper panel) and temperature
at 850 hPa (lower panel) at 00:00 on 21 September 2011. The color bar in the upper panel shows the
scale of the geopotential height, in decameters; in the lower panel the color bar shows the scale of air
temperature, in ◦C
2.3. WRF Set-Up
In order to analyze the atmospheric conditions during the episode of high density of contrails,
version 3.3 of the Advanced Research WRF–ARW model [15] is used to obtain the vertical profiles
Atmosphere 2016, 7, 95 5 of 9
of temperature and humidity in the area where the satellite image shows a large density of contrails.
WRF model is a compressible non-hydrostatic finite differences model. In the simulation, four
nested domains (see Figure 4) are defined, with 27, 9, 3 and 1 km of horizontal resolution. In the
vertical direction 42η—vertical levels have been defined. The smaller domain is centered over the
sea in front of the northeast of the Iberian Peninsula, and covers 100 × 100 km2. The schemes
used are as follows. For the PBL parameterisation, MRF scheme is used [16], RRTM scheme for
longwave radiation [17], MM5 shortwave scheme for shortwave radiation [18] and WSM scheme
for the microphysics parameterisation [19]. No cumulus parameterisation is used for the smallest
domain because the horizontal resolution is lower than 3 km. The initial and boundary conditions
were updated every 6 hours with information obtained from the operational ECMWF model.
Figure 4. Left panel, domains defined in WRF simulation. The simulated vertical profiles of
temperature, dew point temperature and RHI are analyzed at the center point of the smallest domain
(42.8 N, 4.7 E); Right panel shows the domain 3, where the unit tick mark is 1 km. The line AB indicates
the direction of the vertical cross sections used for the vertical analysis of RHI.
3. Results
Comertial panes, during the cruising phase, use to fly around FL 300 (30.000 ft, approximately
9.100 m), but this height depends on weather conditions and type of aircraft. In addition,
Lamquin, N. et al. [20] identified the altitude 8.500–9.500 m as a layer favourable for contrail’s
formation. Particularly over the studied region, Keckhut, P. et al. [21] observed frequently thin
cirrus over South France that can be associated with the air traffic over this area. Thus, we focus our
analysis in a layer around 9.500 m height.
Figure 5 shows (upper panel) the temperature and the dew point temperature in the layer
6.000–12.000 m at the central point of domain 4. According to the simulation between 8.500 and
9.500 m, the difference between the air temperature and the dew point temperature is small, around
3–4 ◦C. Below and above this layer this thermal difference increases. Consequently, an increase of
water vapor due to an aircraft turbine exhaust within this layer may produce deposition of the air and
cloud can form. The maximum RHI (lower panel in Figure 5) is also simulated near this thin layer at
Atmosphere 2016, 7, 95 6 of 9
02:00, 11:00 and 21:00 UTC. Between 9.000 and 10.000 m RHI is higher than 90% at 11:00 UTC. Around
9.500 m, maximum values of RHI higher than 90% are simulated. Above and below this layer the
simulated RHI decreases. Vertical profiles of RHI at 02:00 and 21:00 UTC show dry environmental
conditions, which induces contrails dissipation.













































Figure 5. Simulated vertical profiles of air temperature—solid line—and dew point temperature at
11:00 UTC—dashed line—(upper panel) and RHI (lower panel) at 02:00 (closed line), 11:00 (dashed
line) and 21:00 UTC (short dashed line) in the middle of the small domain on 21 September 2011.
According to the vertical profiles shown in Figure 5, it seems that optimal values of temperature
and humidity for contrail formation exist around 9.500 m. Figure 6 shows the horizontal cross
sections of RHI at 9.500 m in domain 3, at 02:00, 11:00 and 21:00 UTC. The temperature at this height
remained quite constant, around −45 ◦C during this period (not shown). At 02:00 UTC dry conditions
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are simulated at this height, with values around 40%–50% over the gulf of Lyon. At 11:00 UTC,
ground observers and satellite (Figures 1 and 2) recorded contrails extending over the gulf of Lyon.
According to the simulation, Figure 6b shows values of RHI higher than 90% are observed at 9.500 m
covering a large area over the gulf of Lyon. At 21:00 UTC, RHI decreases over this area. Only an area
with values of RHI lower than 30% exists over the Gulf.
Figure 7 shows the vertical cross section of RHI and air temperature in domain 3 along the line
AB shown in lower panel of Figure 4, at 02:00, 11:00 and 21 UTC on 21 September 2011. At 02:00 UTC
the upper atmosphere shows low values of RHI over the gulf of Lyon. In the layer between 9.000 and
10.000 m dry conditions are simulated, with values of RHI around 40%–60% and temperature around
−30 and−40 ◦C. At 11:00 UTC, RHI reaches values higher than 90% around 9.500 m, with temperature
around −40 ◦C. At 21:00 UTC, RHI decreases over the Gulf of Lyon.
Figure 6. Horizontal cross section of RHI at 9.500 m height in domain 3 at (a) 02:00 (b) 11:00 and (c) 21:00
UTC on 21 September 2011. The black dot indicates the location of Barcelona city, where the picture
shown in Figure 2 was taken.
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Figure 7. Vertical cross section along the line AB shown in Figure 4 (lower panel), of RHI (in %, color
contour) and temperature (in ◦C, dashed lines) in domain 3 at (a) 02:00, (b) 11:00 and (c) 21:00 UTC on
21 September 2011. The scale of the horizontal axis is in km.
4. Conclusions
By using version 3.3 of the WRF–ARW mesoscale model, temperature, dew point temperature
and RHI have been analyzed over the Gulf of Lyon during an episode of high contrail’s density to
study the ability of the model for reproducing weather conditions during contrail formation.
According to the simulation, the small difference between the air temperature and the dew point
temperature occurred in a layer between 8.500 and 10.000 m, around noon. At these hours Meteosat
recorded the largest extension of contrail cirrus over the Gulf of Lyon. Particularly, at 11:00 UTC the
vertical profile of RHI shows maximum values, higher than 90% and temperature lower than −40 ◦C at
9.500 m. In the layers above and below this height, RHI decreases. Around this height, the increase of
water vapor due to the exhaustion of the turbine engines could be enough to reach the deposition point.
This height is the usual cruise flight height over an international airport during the cruising phase.
The values of temperature and RHI obtained from simulation are in agreement with those values
needed to develop contrails to contrail cirrus found by some authors: the temperature should be lower
than 230 K [5] and the RHI higher than 70% [3]. These values are needed to spread out contrails and
transform them into remaining contrail cirrus. The simulation shows that RHI higher than 70% and
temperature lower than −30 ◦C are found between 7.500 and 10.000 m at 11:00 UTC. However, at
02:00 UTC and 21:00 UTC, despite the temperature being constant, the RHI decreases below 70%, not
helping contrail formation.
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